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ABSTRACT
The influence of the coefficient of mutual influence, poisson's
ratio and coefficients of thermal and moisture expansion on delamination
is studied. Engineering theoriesare compared to finite element and expe-
rimental results. It is shown that the mismatch in coefficient of mutual
influence can have a strong influence on delamination with fiber angles
in the 10 0 -15 0 range being critical for adjacent (±O) layer combinations.
The mismatch in coefficient of mutual influence is reduced by a factor of
two and the interlaminar shear stress 
TzX 
is reduced significantly when
the ±0 layers are interspersed between 0 0 and 90° layers. It is shown how
the results can be used for design of composite laminates.
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TNTRODUCTTON
The interlaminar stresses in the boundary layer along the free edges
of a laminated composite play an important role in the initiation of da-
mage at the free edge. Delamination between layers is a direct result of
these interlaminar stresses. While delamination is important to the ove-
rall structural performance of laminates under tensile loading, it is
critical for compression and shear loading where stability is a major
concern.
Following the initial work of Pipes and Pagano [1] , numerous inves-
tigators have studied the problem of free edge effects in laminated com-
posites. However, a systematic discussion of the fundamental relation-
ships between the engineering properties of the individual layers and
edge effects has apparently never been presented. This paper will attempt
to at least partially fill this gap in the literature.
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BASIC CONSIDERATIONS
w
Mechanical loading
The fundamental reason for the presence of interlaminar stresses in
laminated composites is the existence of a mismatch in engineering proper-
ties between layers. For the purpose of discussion we consider here the
special case of a balanced, symmetric coupon under axial loading in the x
direction (Fig. 1). The two most important lamina properties for this
i
problem are poisson's ratio
-E	 -S12 -
 
Fn" +m') S12 + n2 m2 (S 11
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+ S22 - S66)](1) 
	
EX	 S11	 Lm`f S 11	
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and the coefficient of mutual influence
	
Y	 S16 - I n m'(2 S 11 -2 S 12 - S 16 )+ m na (2 S 12 - 2 S22 +S66)]
(2) p	 _	 l
XY
'X^_ EX S11
	 IM" S 11 + m2 n2 (2 S12 + S 66 ) + n" S22]
where Sij and 
Si7 
correspond to the compliance coefficients in material
principal and global coordinates, respectively, m and n are the oose
and si-n8, respectively, and 8 is the angle of fiber orientation measured
from the axis of the coupon. Equations (1) and (2) are plotted in Fig. 2
for properties typical of T300/5208 graphite/epoxy. It is noted that
nXy 
is an odd function of 8 with a maximum value at 8 = 11,5° whereas
rX
VXY 
is even in 8 with a maximum value at 8 = 221.
If there is no mismatch of VXY or 
nXy X
between layers, there are no
interlaminar stresses regardless of the mismatch in elastic and shear mo-
duli. The mismatch of Poisson's ratio between adjacent layers gives rise
to dissimilar lateral strains Cy in free (unbonded) layers, but results
in identical strains at the layer interfaces with accompanying interlami-
nar stresses Qy and TYZ in perfectly bonded laminates. Likewise, the
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T)	 mismatch gives rise to nonzero interlaminar shear stresses T in
XY zx
bonded laminates. The magnitude of the interlaminar stresses is related
to the magnitude of the mismatch in v and nxy 	 the elastic and shear
XY	 x
moduli and the stacking sequence. The stacking sequence plays an impor-
tant role in that is establishes the moment associated with the a stres-
ses. This ^!oment is equilibrated by the interlaminar a  distribution
(Fig. 1).
In order to demonstrate the fundamental relationship between engi-
neering properties and the interlaminar stresses, we consider three spe-
cial classes of adjacent laminae : ( +0/-e ), (0/0 ), and ( 8/90). The
properties of greatest interest are the mismatch between adjacent layers,
dvxy and 6nxy with	 "" .4
,x
(3) 1 6vxy I - I vxy (8 2. ) - vxy (8 1 ) 1
(4) { do	 { = I n	 (e 2 ) - n	 (e1)xy ,x	 xy,x	 xy0x
where 0 1 and e 2 correspond to the fiber orientations of adjacent layers.
Interlaminar stresses will be largest when the mismatch is maximum (all
other things being equal).
Fig. 3 shows plots of 16vXy I and Id nxy I as a function of a for the
three special cases under consideration. Th6 xlargest mismatch is observed
to be Idnxy I = 4.34 for the (+ 11.5/-11.5) combination. The curve exhi-
bists a ste6p gradient in the vicinity of the critical value 0 = 11.5°.
The magnitude of 6nxy for the ( +6/-e) combination is exactly double that
x
for the (6/0) and ( 6/60) combinations. This is because n
xy 
x is an odd
function of a and nxy = 0 for 6 = 0 0 and e = 90 0 . There Is no mismatch
X
in vxy for the (+0/ -6f combination as vxy is an even function of 6.
The maximum value of 
I dvxy l is much smaller than Idnxy I for all
three laminae combinations. The worse case for dvxy is the '0/90) combi-
nation with Idvxy l = 0.34 at e = 22°. Thus, the maximum value of Idnxy I
is more than ten times the maximum Iavxy l. Since the interlaminar normAY
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and shear strengths are of the same order of magnitude, initiation of do-
lamination is much more sensitive to the mismatch in coefficients of mu-
tual influence than the mismatch is poisson's ratio. (as will be shown
later, this large difference in mismatch can be partially or totally of-
fret by the influence of stacking sequence on the magnitude of a
Close examination of Fig. 3 shows that I6nxY'xl is significantly
larger thanja uI for almost the entire range of fiber angles for all
three laminae combinations, the exception being as the (0/90) combination
(with do
xY,x	 xY,x
= 0) is approached. The zero value of do 	 and the near
maximum value of 6VXv
 for the (0/00) combination is consistent with the
	
ti*
rather well-know numerical result that TZx is zero in crossply laminates
and delamination is solely due to interlaminar normal stresses.
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Thermal and Moisture Effects
The mismatch of the coefficients of thermal and hygroscopic expan-
sion produce edge effects similar to those due to mechanical loading [2].
The formulation of both problems is identical Aiid hence we consider only
the thermal problem for the purpose of illustration. The free thermal
expansions for a uniform, unit temperature change of an unbonded lamina
are
EX	 m2 a l + n 2 a2
(5) Ey	
n2 
al 
+ m2 a2
1 YTX	 2 m n (a l - a2)
and the mismatch in strains of interest at the free edge can be expressed
(6) 6 Ey = Ey(2) - Ey(1) _ (a 2 - a l) (cos t A2 - aos 2 Al)
(7) 6 YXy = y (2) - Y (1) _ (a2 - a l ) (sin 2 A l - sin 2 02)
In the above, a's are coefficient of thermal expansion, subscripts
x and y refer to global coordinates, and the superscript T indicates ther-
mal effects.
Application of egns. (6.7)for the three laminae combinations under
consideration gives the following results
(^A) Combination
66T = o
Y
(8) 6YXy = (a2 - a l ) (2 sin 2 A)
16Y  I	 = 2 (a2 - a l ) at A = 450
XY 
max
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(8/0) combination
6e  . (a 2 - ad (sine 8)
ISCT j
max
(a 2 - a y ) at	 8 = 90°
(9)
6Yxy = (a2 -- a0 (sin 2 8)
16Y  I = (a 2 - a,) at	 8 = 45°
XY max
(0/90) combination
$Ey = (CY 2 - (Y l ) (-rnc 2 8)
1 6CT i (a 2 - a l ) at	 8 = 0°
X 10)	 16T 	I	 =	 (a 2 - a1)YXY (shi 2 8)
I 6Yxyl	 = (a 2 - a,) at	 8 = 45°
max
It is evident from the above that the worse case is 
6 T
for the
(±8) combination with 8 = 45 1 . The magnitude of 6YXY for the (±8) combi-
nation is twice that of the others, as it was for do	 s however, the
critical angle has shifted from 11.5 1 to 45°. The mismatch SETY is zero
for the (±O) combination, as it was for 6Vxy , but the maximum mismatch
for the other two layer configurations both correspond to the (0/90) case
unlike dV where the maximum mismatch occurred at 8 = 22 1 . It is also
xy
noted that the maximum 6YX, is only double that of the maximum dEy Com-
pared to a factor of more than ten between Isn	 I	 and I6V I
X', x max	 X' max
Also, the variations in thermal strain mismatch as a function of 0 are
smooth trigonometric functions and do not exhibit the sharp rise to a peak
value as does dnxy	 in Fig. 3.
,x
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Since composites are cured at an elevated temperature thermal stres-
ses are always present. For a negative change in temperature (as during
cure) the thermal shear strains y,, have the opposite sign as those due
to tensile loading and hence the effects tend to offset, as well as shift
the critical angle. The thermal and mechanical effects would, of courses,
be additive for compressive loading. The combination of thermal and mecha-
nical loading effects on SE  i:s additive  for tensile loading and offset-
ting for compressive loading.
r
NL RBSULTS FOR [ t 0 ] . LAMINATES
The discussion in the previous section is based upon somewhat heuris-
tic arguments. Fig. 4 shows finite element results for the influence of
fiber orientation on the value of the interlaminar shear stress TZX at the
intersection of the interface and the free edge in [ ±0 1 S laminates [ 3 ].
The nondimensionalized stresses in the figure correspond to the maximum
stress for each laminate configuration. The results were obtained for selec-
ted fiber angles of T300/5208 graphite /epoxy. The curve clearly shows a peak
value at 0 = 1,5°, close to the value of 11.5 0 for the maximum IanXy'XI
and there .is a distinct similarity between the distribution of (dp Xy I in
Fig. 3 and TZX in Fig. 4.	 ^X
A failure analysis for the [ ± 0] S laminates was performed using the
finite element stress results and the Tsai-Wu tensor polynomial failure
criterion [ 4] . Figure 5 shows the variation of the maximum value of the
tensor polynomial in these laminates as a function of a fiber orientation.
Again, there is a distinct peak value at 0 = 15 0 . Examination of the indi-
vidual terms of the polynomial clearly indicated a dominate influence of
TZX for this critical fiber orientation. Thus, there is numerical support
for the heuristic arguments of the previous section.
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EXPERIMENTAL RESULTS FOR [ t 0 I s LAMINATES
The mode of failure at the free edge of [i01 S Calion 6000/PMR-15
graphite/epoxy laminates was determined in reference [5] using the edge
replicating technique [ G1 . Figs 6-8 show replicas of the edge damage
for seleci'Ld laminates. The mode of damage is delamination for [ i 101 S
and [ :t 30] S laminates, but shifts to transverse cracking for the [±6015
laminate. These results give experimental support for the dominate influ-
ence of qXy X in the 10 0 -30 0 range of fiber orientations for [ ± 01 S
 
lami-
nates.
LAMINATE DESIGN
The results in Fig. 3 can serve as a guide to the designer in choo-
sing fiber orientations and stacking sequence in applications with free
edges. Consider the case of the quasi-isotropic laminate with fiber orien-
tations of 0 0 , 90 0 , + 45 0 and -45 0 . An often asked question is : what is
the optimum stacking sequence ? The curves in Fig. 3 suggest that the in-
terlaminar shear stresses Tzx will be significantly lower if the + 45 0 and
- 45 0 layers are separated by a 0 0 or 90 1 layer.
Of the twenty-four possible combinations of layers in this laminate,,
only twelve are distinct because of the interchangeability of the + 450
and - 45 0 layers. 0f these twelve, there are six possibilities with adja-
cent t 45 0 layers and six with t 45 0 layers interspersed between 0 0 and
90 0 layers. These twelve laminates are depicted in Tables 1 & 2 along with
the magnitude and direction of the a  stresses for tensile loading eX=015+x.
Also indicated in the Tables is pertinent information as to the magnitude
and direction of the equilibrating moment at each interface, and the maxi-
mum oz and Tzx stresses determined from a finite element stress analysis.
9
A hierarchy of lamiantes for resistance to delamination can be esta-
blished through conoideration of the magnitude of Br)Xy X and the magnitude
and direction of the interface moment. The hierarchy given in the Tables
is based upon the following guidelines listed in order of senverity
f
P
t
1. avoid adjacent t 45 1 layers
2. select the most negative or smallest positive interface
moment
The analysis indicates that the [90/45/0-451 5 laminate provides the
greatest resistance to delamination for tensile loading. This laminate
has the f 45° layers interspersed and the interface moment is negative
throughout. In contrast, the [45/0/-45/90) S laminate is the worst case
of the six with interspersed t 45 1 layers, because the interface moment
is always positive and of maximum magnitude.
The hierarchy presented in the tables does not include the influence
of combined stress states nor the effects of residual thermal or hygros-
sopic stresses. Thus it is expected that experimental results may indicate
some reordering of the list. A linear elastic finite element stress analy-
sis of the twelve possible laminate configurations was conducted to obtain
approximate elastic stress distributions. The magnitude and location of
the maximum values of 
a  
and TZX are presented in the tables along with a
strength hierarchy based upon the following guidelines
1. minimize 
ITZXI
2. minimize	 a
Z
The finite element results clearly show the advantages to be gained
with interspersed t 45 1
 layers. All six laminates with interspersed t 450
layers have lower interlaminar shear stresses than those with adjacent
t 45° layers. The magnitude of the interlaminar shear stress ranges from a low
of 5.8 KSI (39.9 MPa) for the [45/0/90/-45) S
 laminate to a high of
9.2 KSI (63.8 MPa) for the [90/45/-45/0) S
 laminate, a sixty percent dif-
ference. The range of a  stresses for interspersed t 45 0
 layers is smal-
ler than that for the adjacent layer configuration indicating a more ef-
ficient design with interspersed t 45 1
 s in the presence of alternating
10
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positive/negative loads. The hierarchy based upon the finite element stress
results is the same as that based upon the engineering or heuristic ap-
proach.
It is interesting to note that the great majority of experimental
results reported in the literature for delamination studies of quasi-
isotropic laminates have been obtained from specimens with adjacent ± 451
layers [6-8]. The only exception known to the author is that of reference
9 where it was shown that the strain at first delamination in a
[±45/0/90] S
 laminate was approximately half the strain at first delamina-
tion in a [0/45/90/-45i S laminate. The	 45/0/90) S specimen delaminated
along the midplane due to high interlaminar normal stresses and the
[0/45/90/-45) S
 specimen delaminated in the 90 0
 layer, apparently due
to combined a 
z 
and T 
zX 
effects.
Further evidence of the importance of adjacent t 45 0 layers on failure
of quasi-isotropic laminates were presented in reference [6]. The final
fracture patterns [0/±45/901 S	 Sand [0/90/± 45] graphite-epoxy laminates
exhibited extensive delamination along the ± 45* interface of both lamina-
tes even though the interlaminar normal stress is compressive along this
interface in the [0/90/±45] S . The finite element results of this study in-
dicated very high interlaminar shear stresses for this interface (Table 2).
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L CUSSION^ S^C!Ls ^ON^
Dalcmination has been studied with an emphasis on straight coupons
under tensile loading. It has been pointed out that adjacent 1 0 layers
leads to high intarleminar show stresses and that intarlmidnar normal
stresses are very dependent an stacking sequence. Since shear failure is
independent of loading direction, adjacent 1 0 layers should generally
be avoided. There are ci limited number of situations where the free edges
are always parallel to the loading axis and the direction of loading is
know to be constant. In such situations there may be justification for
adjacent 1 0 layers in order to optimize the negative intorlaidnar no ►►ial
stress ; however this can only be accomplished at the expanse of signifi-
cantly higher intorleminar shear stress (Table 2). in many application the
loading direction will change during service and froc ,
 edges are often pro-
sent in the form of holes W, cutouts eliminating the ondition of a single
known direction of loading. Interspersed :t 0 layers are preferred in such
applications as interlaiiiinar shear stresses are reduced as are the extra-
mes of intorlminar normal stresses. All examplo has been given as to how
these results can be used systematically in design to minimize the pos-
sibility of delamination.
P.
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E4tJCI.USTONS^
It bas been shown that there is a fundamental relationship between
dolamination and the "mismatch" of engineering properties between adja-
cent layers of laminated composites. Interl,,uiiinar shear stresses are
primarily a function of the mismatch in coefficients of mutual influence
which can be as much as ton times greater than the mismatch in poisson's
ratio. The mismatch in coefficients of mutual influence has a high peak
	 1 ,9
value in the 10 0 -15 0 fiber range for 1 0 laminae combinations. This mis-
miatch is reduced by a factor of two when the 1 0 lalyerS are interspersed
between 0" and 90 1 layers. interspersed	 0 are recommended for more ef-
ficient design.
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